Werner syndrome (WS) is a rare autosmomal recessive genetic disorder causing premature aging. The gene (WRN) responsible for WS encodes a protein homologous to the RecQ-type helicase. WRN has a nucleolar localization signal and shows intranuclear tracking between the nucleolus and the nucleoplasm. WRN is recruited into the nucleolus when rRNA transcription is reactivated in quiescent cells. Inhibition of mRNA transcription with a-amanitin has no eect on nucleolar localization of WRN whereas inhibition of rRNA transcription with actinomycin D releases WRN from nucleoli, suggesting that nucleolar WRN is closely related to rRNA transcription by RNA polymerase I (RPI). A possible function of WRN on rRNA transcription through interaction with RPI is supported by the results described here showing that WRN is coimmunoprecipitated with an RPI subunit, RPA40. Here we show that WS ®broblasts are characterized by a decreased level of rRNA transcription compared with wild-type cells, and that the decreased level of rRNA transcription in WS ®broblasts recovers when wild-type WRN is exogenously expressed. By contrast, exogenously expressed mutant-type WRN lacking an ability to migrate into the nucleolus fails to stimulate rRNA transcription. These results suggest that WRN promotes rRNA transcription as a component of an RPIassociated complex in the nucleolus.
Introduction
Werner syndrome (WS) is a rare autosomal recessive genetic disorder causing premature aging including short stature, juvenile cataracts, atrophy of the skin, graying and loss of hair, diabetes, arteriosclerosis, and osteoporosis, and is accompanied by rare cancers (Epstein et al., 1966) . The gene defective in WS, WRN, encodes a protein of 1,432 amino acids containing the seven signature motifs of the RecQ subfamily of DNA helicases that unwind nucleic acids in a 3'-to-5' direction in an ATP-dependent manner (Yu et al., 1996) . Puri®ed recombinant WRN protein has been demonstrated to unwind not only a duplex DNA but also an RNA-DNA heteroduplex Suzuki et al., 1997) . In addition, advanced sequence alignment analysis revealed a putative exonuclease domain near the N-terminus of WRN (Mushegian et al., 1997) . Indeed, an exonuclease activity of puri®ed WRN protein has been demonstrated (Huang et al., 1998; Kamath-Loeb et al., 1998; Shen et al., 1998; Suzuki et al., 1999) .
Several studies have suggested plausible functions of WRN. This protein has been shown to interact directly with human replication protein A (hRPA) which facilitates the DNA-unwinding activity of WRN , and to interact with Ku70 and Ku80 that are known to be involved in repairing DNA double strand breaks through the non-homologous end joining pathway (Smider et al., 1994) . Although Ku proteins have no eect on the ATPase or helicase activity of WRN, they strongly stimulate speci®c exonuclease activity of WRN (Cooper et al., 2000) . Kamath-Loeb et al. (2000) reported that WRN stimulates DNA synthesis by DNA polymerase d, an essential eukaryotic polymerase with central roles in DNA replication and DNA repair. In addition, the murine homolog of WRN has been shown to be copuri®ed with the DNA replication complex and to interact with proliferating cell nuclear antigen (PCNA) and topoisomerase I (Lebel et al., 1999) . Thus, preliminary results indicate that WRN functions as a key factor in resolving aberrant DNA structures that arise from DNA metabolic processes such as replication, recombination and/or repair, to preserve the genetic integrity of cells (Shen and Loeb, 2000) . However, the cellular function of WRN is largely unknown.
The SGS1 gene of Saccharomyces cerevisiae is a member of the RecQ family of DNA helicases (Ganglo et al., 1994; Watt et al., 1995) , and it shares extensive homology with WRN. The sgs1 protein is concentrated in the nucleolus (Sinclair et al., 1997) and deletion of SGS1 results in a reduction in growth rate, an elevation in the rate of mitotic recombination and a decrease in the ®delity of chromosome segregation (Ganglo et al., 1994; Watt et al., 1995 Watt et al., , 1996 . As in WS, the sgs1 deletion decreases the average life-span of cells and accelerates aging (Sinclair et al., 1997) . Like SGS1, the S. cerevisiae SRS2 gene encodes a DNA helicase, and mutations in SRS2 result in hyperrecombination (Rong et al., 1991; Rong and Klein, 1993) . Lee et al. (1999) demonstrated that simultaneous deletion of SGS1 and SRS2 is lethal in yeast and that the Sgs1 and Srs2 proteins function redundantly in DNA replication and RNA polymerase I transcription, suggesting a contribution of these functions to the various defects observed in WS.
Recent studies by immunocytochemistry using speci®c antibodies showed that endogenous WRN exists in both the nucleoplasm and the nucleolus in growing cells Marciniak et al., 1998; Kitao et al., 1999; Suzuki et al., 2001) . In resting cells, however, WRN disappears from the nucleolus in spite of an undetectable change in the total amount of WRN in the nucleus . Our recent work revealed that a nucleolar localization signal (NoLS) exists in the C-terminal region of WRN (Suzuki et al., 2001) , in addition to the existence of a nuclear localization signal (NLS) (Matsumoto et al., 1997b) . By contrast, the mouse homolog of WRN is found only in the nucleoplasm Marciniak et al., 1998; . The defect in the nucleolar localization of mouse homolog is due to both the absence of an NoLS in spite of the presence of an NLS in its C-terminal region and the inability of mouse cells to recognize the human NoLS (Suzuki et al., 2001) .
In this study, we have investigated a possible function of WRN in the nucleolus. We characterized a close relationship between transcription status and nucleolar localization of WRN, and assessed the role of WRN in rRNA transcription by analysing the eciency of basal transcription in WS ®broblasts that carry homozygous WRN mutations. We show here that the level of rRNA transcription is signi®cantly lower than that in wild-type ®broblasts. Additionally, we demonstrate that expression of wild-type WRN in WS ®broblasts can rescue the reduced level of rRNA transcription, and that WRN is co-immunoprecipitated with an RNA polymerase I (RPI) subunit.
Results and discussion
Transcriptionally active cells show nucleolar localization of WRN and WRN is released from nucleoli when the cells are quiescent due to serum deprivation or are exposed to 4-nitroquinoline 1-oxide . Although we identi®ed a putative NoLS in the Cterminal region of WRN, whether the NoLS is sucient to explain the subnuclear localization of WRN remains unclear (Suzuki et al., 2001) . To determine whether the nucleolar localization of WRN is related to rRNA transcription, we measured the proportion of nucleolar localization of WRN in a cell population. A cell population showing nucleolar localization of WRN increased in a time-dependent manner after serum addition (Figure 1b) . A rapid increase in the number of cells showing nucleolar localization of WRN occurred within 2 h, together with increased levels of WRN expression (Figure 1a) . A similar increase in nucleolar incorporation level of To determine whether WRN may in¯uence the transcription and processing of rRNA, we examined the localization of WRN under various conditions. In most of a population (495%) of SV40-transformed WI38 (WI38SV) cells, WRN was largely localized in the nucleolus with faint nucleoplasmic staining when cultured on a Lab-Tek chamber slide (Figure 2a ) as reported previously (Marciniak et al., 1998) . Fifty ng/ ml of actinomycin D inhibited rRNA transcription (data not shown), and induced relocation of WRN from the nucleolus to the nucleoplasm (Figure 2b) . A nucleolar-speci®c protein, nucleophosmin/B23, remained localized in the nucleolus after actinomycin D treatment. Under these conditions of inhibition, the nucleolus was markedly depleted of WRN and the released WRN formed small granules that were spread uniformly in the nucleoplasm. In contrast, inhibition of mRNA transcription by RNA polymerase II (RPII) with a-amanitin (0.5 mg/ml), a dose that markedly inhibited mRNA transcription of WI38SV cells (data not shown), did not release WRN from the nucleolus (Figure 2c ). These data indicate that nucleolar WRN may be closely related to transcription of rRNA, but not of mRNA.
To examine speci®c interaction of WRN and RPI, the RPI-associated protein complex was obtained from nuclear extracts of Flp-In 293 cells expressing the human RPA40 (293RPA40-2), the smallest subunit of a human RPI subunit (Dammann and Pfeifer, 1998) , that is tagged with the FLAG epitope at the N-terminus. In the 293RPA40-2 cells, the FLAG-tagged RPA40 is predominantly localized in the nucleolus as shown by immunocytochemical analysis using an anti-FLAG antibody (data not shown). Nuclear extracts derived from either 293RPA40-2 or control cells, Flp-In 293 cells that express hygromycin-resistance gene alone, were applied to a pre-equilibrated anti-FLAG agarose anity column, eluted with FLAG peptide and analysed by Western blotting. Immunoblotting with antibodies speci®c for rat RPI core subunits, A127 and A194, showed that the FLAG-tagged RPA40 subunit was copuri®ed with the two core subunits of human RPI, migrating at the position of molecular weights 120 kDa and 180 kDa ( Figure 3 ). These anti-FLAG immunopuri®ed RPI complexes did not, however, contain RAP74, a subunit of TFIIF that is a component of the RPII holoenzyme (Finkelstein et al., 1992) , indicating that immuno-anity chromatography puri®ed the RPI protein complex ( Figure 3 ). As we anticipated, the RPI complex also contained WRN (Figure 3 ). By contrast, neither RPI subunits nor WRN were detected in the corresponding protein fraction obtained from control Flp-In 293 cells (Figure 3 ). These results suggest that nucleolar WRN is associated with the RPI holoenzyme in rRNA transcription. However, Western blotting analysis using the anti-FLAG antibody could not detect the FLAG-tagged RPA40 in a fraction immunoprecipitated with an anti-WRN antibody, suggesting that large amount of WRN localized in the nucleolus is free from the RPI complex or the binding anity between WRN and the RPI complex is relatively low. Balajee et al. (1999) reported that RPII-speci®c transcription in WS B-lymphoblastoid cells transformed with SV40 is 40 ± 60% lower than that of cells from healthy individuals, and that RPII-dependent transcription is stimulated by adding puri®ed wild type, but not mutant WRN, in an in vitro assay using permeabilized cells. Recently, Kadener et al. (2001) reported that SV40 large T-antigen activates template replication only twofold but transcription 25-fold. Therefore, it was not appropriate for the transformed WS B-lymphoblastoid cells to be used to compare native transcription activity among cells in the in vitro experiment. In addition, we found no marked dierence in RPI-and RPII-dependent transcription activities between permeabilized normal and WS ®broblasts (data not shown). Moreover it is possible that treatment required for permeabilization of cells might have caused subnuclear relocation and loss of WRN in the experiments by Balajee et al. (1999) . To resolve the issue, we monitored the transcription eciency of a primary culture of normal and WS ®broblasts by measuring [ 3 H]-uridine incorporation into a total RNA fraction avoiding the process of membrane permeabilization. In several experiments with cell lines derived from two healthy individuals To de®ne the role of WRN in rRNA transcription, WS ®broblasts were infected with a replicationdefective adenovirus vector encoding the wild-type WRN (wtWRN). The exogenously expressed WRN in WS ®broblasts was predominantly in the nucleolus (Figure 5a ). Western blot analysis showed that amounts of endogenous native WRN expressed in the wild-type cells and the exogenously expressed wtWRN in the infected WS cells were similar ( Figure  5b ). The lower bands detected in the infected cells may be degraded products from exogenously expressed WRN. The in vitro assays measuring incorporated amounts of labeled nucleotides demonstrated that the expressed wtWRN prevented RNA transcription from decreasing ( Figure 5c ). As a control, a mutant WRN (DNoLS) lacking the NoLS was also expressed by the same adenovirus system and the results were compared with those from the wtWRN. The exogenously expressed DNoLS was not localized in the nucleolus but stayed in the nucleoplasm ( Figure  5a ) despite an expression level similar to that of the endogenous native WRN in wild-type cells ( Figure  5b ). As expected, DNoLS failed to stimulate RNA transcription (Figure 5c ). On the other hand, the exogenously expressed wtWRN did not aect DNA replication in the WS cells (Figure 5d ). It has been suggested by Lee et al. (1999) that Sgs1 and Srs2 Figure 3 Analysis of the proteins that assemble with the FLAGtagged RPA40 subunit of RPI. RPI complexes were anity puri®ed from nuclear extracts of 293RPA40-2 cells that constitutively express a construct containing the RPA40 subunit of RPI tagged with the FLAG epitope at the N-terminus. Nuclear extracts derived from either 293RPA40-2 cells or control Flp-In 293 cells were fractionated by anity chromatography over immobilized anti-FLAG antibody and were analysed by Western blotting for the presence of FLAG-tagged RPA40, WRN, RPI subunits corresponding to A194 and A127 and an RPII subunit corresponding to RAP74. A sample (20 mg) of a nuclear extract (NE) derived from 293RPA40-2 cells were also analysed by Western blotting as a positive control proteins play redundant roles in DNA replication in yeast. This may also be the case for the WRN gene and the putative SRS2 counterpart in humans.
We also calculated the relative activities of rRNA transcription and mRNA transcription in WS cells by measuring the decreased activities in the presence of actinomycin D or a-amanitin. With the expression of wtWRN, a relative ratio of the actinomycin D-sensitive transcription activity to total RNA transcription activity increased from 56.1+1.8% to 64.3+5.6% (P50.05). By contrast, a relative ratio of the aamanitin-sensitive transcription activity slightly decreased from 19.2+3.6% to 14.9+5.9%. These results suggest that the major component contributing the increase in transcription of total RNA in response to expression of exogenous wtWRN in WS cells must be rRNA rather than mRNA. Although Balajee et al. (1999) reported complementation of the reduced RPIIdependent transcription in WS cells with nuclear extracts from HeLa cells, they used as a template for transcription, chromatin prepared from permeabilized WS cells that were depleted of soluble proteins. Thus, unlike the data described here, their complementation experiments were not carried out in intact cells.
From in vitro studies of the growth characteristics of ®broblasts, the phenotype of WS is often thought as close to normal aging: the life span of WS ®broblasts as expressed by population doubling levels is much shorter than the life span of normal ®broblasts (Salk et al., 1985; Faragher et al., 1993) . In contrast to the previous reports suggesting that WRN may function as a key factor in resolving aberrant DNA structures that arise from DNA metabolic processes Cheng et al., 1990; Constantinou et al., 2000; Fukuchi et al., 1989; Kamath-Loeb et al., 2000; Lebel et al., 1999; Salk et al., 1981) , our study shows a novel function of WRN in accelerating rRNA transcription Figure 4 Pulse-chase analysis of rRNA synthesis in normal and WS ®broblasts. Normal ®broblasts (A/N0014) and WS ®broblasts (A/WS10801) were cultured at 378C for 48 h. Each culture was pulse-labeled with [ 3 H]-uridine (40 mCi/ml) for 2 h, and then was chased with 2 mM non-radioactive uridine for 1 h and 2 h. The radioactivity of total RNA prepared from each sample was counted. Total RNA (2.5 mg/lane for pulse analysis and 20000 c.p.m./lane for chase analysis) was analysed by electrophoresis and was blotted onto a membrane. P2, 2-h pulsed; Cl, 1-h chased; C2, 2-h chased in the nucleolus as a component of an RPI-associated complex. WRN can unwind not only a duplex DNA, but also an RNA ± DNA heteroduplex (Suzuki et al., 1997) . WRN may thus function in the unwinding of both double-stranded rDNA and rRNA ± rDNA heteroduplexes during rRNA transcription by RPI, resulting in regulation of the rRNA synthesis. The fact that the Sgs1 protein is involved in rRNA transcription in yeasts (Lee et al., 1999) supports this possibility.
As observed in WS patients, the defect in SGS1 decreases the cellular life-span and accelerates aging in yeasts (Sinclair et al., 1997) . The yeast Sgs1 protein is concentrated in the nucleolus like the human WRN protein (Sinclair et al., 1997) , whereas the mouse WRN protein (mWRN) is localized only in the nucleoplasm Marciniak et al., 1998; . Previously, we demonstrated that the inability of mWRN to migrate into the nucleolus is due to a lack of NoLs (Suzuki et al., 2001) . Also, mWRN-de®cient mice are born at the expected Mendelian frequency and show no overt histological signs of accelerated senescence (Lebel and Leder, 1998; Lombard et al., 2000) . These ®ndings lead us to inquire if the defective nucleolar function of mWRN is related to the dierence in the aging pathway between human and mouse cells. In humans, the decreased transcription rate of rRNA could be a primary molecular defect causing the premature aging phenotype in WS patients.
Materials and methods

Cell lines and cultures
Primary cultures of ®broblasts (A/WS10801 and A/WS15501) taken from the subcutaneous tissue of WS patients has been previously described (Matsumoto et al., 1997a) . The WRN mutation in WS patients is the homozygous g to c base substitution at the splice donor site of exon 26, which results in the skipping of this exon (Yu et al., 1996) . Primary culture of control ®broblasts (A/N0007 and A/N0014) was established from subcutaneous tissue of normal subjects.
Cells 293RPA40-2 were established from the Flp-In 2 -293 cell line (Invitrogen, Groningen, Netherlands) that contains a single integrated Flp recombination target (FRT) site. An expression construct containing the entire coding region of the RPA40 subunit of human RPI tagged with the FLAG epitope at the N-terminus and confers resistance to hygromycin was integrated into the genome using Flp recombinase-mediated DNA recombination at the FRT site, according to the manufacturer's instructions.
These cell lines, WI38SV and HeLa cells were cultured in Dulbecco's modi®ed Eagle's medium (Sigma, St. Louis, MO, USA) with 10% heat-inactivated fetal calf serum (Gibco-BRL, Grand Island, NY, USA), 2 mM glutamine and 10 mg/ ml gentamycin (Sigma). All cell cultures were maintained at 378C in a humidi®ed atmosphere containing 5% CO 2 .
Confocal immunofluorescence microscopy
Cellular localization of WRN was investigated using confocal immuno¯uorescence microscopy (Fluoview, Olympus, Tokyo, Japan). Cells were cultured subcon¯uently on a Lab-Tek chamber slide (Nalge Nunc International, Napervill, IL, USA) with 10% fetal calf serum in Dulbecco's modi®ed Eagle's medium at 378C. The cells were ®xed with 10% formalin in phosphate-buered saline (PBS) for 10 min at room temperature. After washing the ®xed cells with PBS, the cells were permeabilized with 0.1% Triton-X 100 in PBS for 5 min at room temperature, were washed with PBS, and then were blocked with 5% skim milk in PBS for 30 min. The cells were incubated with mouse anti-WRN monoclonal antibody, 8H3 , and goat anti-B23 polyclonal antibody, sc-6013 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Alexa Fluor 2 488 and Alexa Fluor 2 594 (Molecular Probes, Eugene, OR, USA) were used as second antibodies.
Reactivation of transcription in quiescent cells
Before measuring the proportion of cells in a population showing nucleolar localization of WRN after transcription activation, WI38SV cells were cultured on 10-cm dishes in the absence of serum for 72 h at 378C. Then, serum was added to the culture medium at a ®nal concentration of 10%. The cells were sequentially harvested and were stuck onto a silanecoated slide by cytospin. The immunostaining procedures are the same as for confocal immuno¯uorescence microscopy.
Immunoblot analysis
Immunoblot analysis of WRN was done as previously described . Brie¯y, cells were lysed in RIPA buer containing 10 mM Tris-HCl buer (pH 7.4), 1% NP-40, 0.1% sodium deoxycholate, 0.1% sodium dodecylsulfate, 150 mM NaCl, 1 mM EDTA and a protease inhibitor cocktail, Complete 2 (Roche Diagnostics, Mannheim, Germany). The cell lysate was centrifuged, and the supernatant containing 20 mg of protein was electrophoresed using 7.5% SDS-polyacrylamide gel. The proteins were transferred to nylon membranes and were detected with 8H3 and rabbit HRP-conjugated anti-mouse IgG (DAKO, Glostrup, Denmark) using ECL 2 (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Measurement of RNA transcription activity
Fibroblasts (2.5610 5 cells) were plated onto 6-cm Corning tissue culture dishes and were cultured for 48 h at 378C. Then, triplicate samples of asynchronously growing cells were cultured for 1 h in the presence or absence of a-amanitin (0.5 mg/ml) or actinomycin D (50 ng/ml) before [5, H]-uridine was incorporated, and then the cells were pulsed for an additional 1 h with 10 mCi of [5, H]-uridine. Total RNA was isolated with ISOGEN (NipponGene, Tokyo, Japan) from harvested cells after washing three times with ice-cold PBS. Total RNA was transferred onto a glass ®lter, was immersed in a liquid scintillation mixture, and the radioactivity was quantitated by scintillation counting. Each value expressed as counts for each cell represents the mean+s.e. of triplicated experiments.
Analysis of rRNA synthesis
Normal and WS ®broblasts were cultured at 378C for 48 h. Each culture was pulsed with 10 mCi of [5,6- 3 H]-uridine for 1 or 2 h. Total RNA prepared as for measuring RNA transcription activity was analysed by electrophoresis and was blotted onto a membrane. The membrane was exposed to an X-ray ®lm for several days.
Measurement of DNA replication
Triplicate samples of asynchronously growing ®broblasts (2.5610 5 cells) plated onto 6-cm culture dishes were pulsed for 1 h with 10 mCi of [ 3 H]-thymidine. The cells were washed three times with ice-cold PBS, and were trypsinized. Then, the cells harvested onto a glass ®lter were transferred into vials containing liquid scintillation mixture. The following procedure was the same as for measuring RNA transcription activity.
Microautoradiography
Cells seeded and cultured on a Lab-Tek chamber slide were incubated with 10 mCi/ml [5,6- 3 H]-uridine for 30 min at 378C. The cells were then ®xed with 10% formalin in PBS for 10 min at room temperature. The cells were washed with PBS, were passed through graded ethanols for gradual dehydration, and were air-dried and processed for autoradiography (Stein and Yanishevsky, 1994) using EM-1 emulsion (Amersham Pharmacia Biotech).
Preparation of nuclear extracts
Nuclear extracts were prepared from 293RPA40-2 cells and control Flp-In 2 -293 cells as previously described (Smith et al., 1990) , and were used immediately in the following immunoanity puri®cation.
Ligand and immunoaffinity purification of RNA polymerase I RPI complexes containing FLAG-tagged RPA40 were immunopuri®ed using packed anti-FLAG M2-agarose anity gel (Covance, Princeton, NJ, USA) equilibrated in C20 buer containing 200 mM NaCl (C20/200) and 0.1% NP-40 as previously described (Smith et al., 1990) . The agarose gel was tumbled for 2 h with 5 ml of nuclear extracts of 293RPA40-2 cells, was packed into a column, was drained and was washed with 100 column vol of C20/200 containing 0.1% NP-40. Bound proteins were then eluted with C20/200 containing 0.5 mg/ml FLAG peptide. The eluted fractions as well as the¯ow-through were analysed using immunoblot analysis as described above for analysis of WRN. In some cases, the column was washed with buers containing increased concentrations of NaCl (i.e. 200, 400, 600 and 800 mM) before elution with the FLAG peptide. To yield control proteins that might non-speci®cally bind to the FLAG-anity gel, nuclear extracts from control Flp-In 2 -293 cells were anity puri®ed.
Viral vectors and infection of WS fibroblasts
Replication-defective adenovirus vectors for expression of wild-type WRN (wtWRN) and its mutant lacking the Cterminal 30 a.a. residues (DNoLS) under control of the CAG promoter (Niwa et al., 1991) were produced using the COS/ TPC method (Miyake et al., 1996) and an Adenovirus Expression Vector Kit (TaKaRa, Tokyo, Japan). Brie¯y, the expression unit was ®rst inserted into the SwaI site of the recombinant adenovirus genome (Ad) with deletions of E1 and E3 cloned in a cassette cosmid. The cassette bearing the expression unit was then cotransfected into human embryonic kidney 293 cells together with the Ad DNA-terminal protein complex digested at several sites with EcoT22I by calcium phosphate DNA coprecipitation to produce a new recombinant virus. One day later, the cells were spread in 96-well plates at a 10-fold serial dilution mixed with untransfected 293 cells. The virus clones were maintained in culture for 10 ± 15 days, and were isolated and propagated to further assess restriction analysis and expression of inserted genes. Titers of viral lysates for use in experiments were ascertained using a standard plaque assay. WS ®broblasts in a 6-cm dish were infected with 1.5610 8 plaque-forming units of adenovirus vectors in 0.3 ml of the culture medium. After the ®broblasts were infected, 2.7 ml of fresh medium was added and the cultures were incubated for an additional 24 h before treatment and harvest.
